Objective To investigate the association between treatment induced change in high density lipoprotein cholesterol and total death, coronary heart disease death, and coronary heart disease events (coronary heart disease death and non-fatal myocardial infarction) adjusted for changes in low density lipoprotein cholesterol and drug class in randomised trials of lipid modifying interventions. Design Systematic review and meta-regression analysis of randomised controlled trials. Data sources Medline, Embase, Central, CINAHL, and AMED to October 2006 supplemented by contact with experts in the field. Study selection In teams of two, reviewers independently determined eligibility of randomised trials that tested lipid modifying interventions to reduce cardiovascular risk, reported high density lipoprotein cholesterol and mortality or myocardial infarctions separately for treatment groups, and treated and followed participants for at least six months. Data extraction and synthesis Using standardised, prepiloted forms, reviewers independently extracted relevant information from each article. The change in lipid concentrations for each trial and the weighted risk ratios for clinical outcomes were calculated.
INTRODUCTION
Large cohort studies have identified high density lipoprotein cholesterol as a strong, independent, inverse predictor of risk of coronary heart disease. [1] [2] [3] [4] Although the inverse relation seems not to apply to particular subgroups of patients with genetic variations, such as ABCA1 or cholesteryl ester transfer protein mutations leading to abnormal low or high levels of high density lipoprotein cholesterol, 5 6 the National Cholesterol Education Program has recognised high density lipoprotein cholesterol as an independent cardiovascular risk factor and recommended screening measurements of high density lipoprotein cholesterol for all adults. [7] [8] [9] The association between high density lipoprotein cholesterol concentrations and coronary heart disease in observational studies does not, however, establish the extent to which changes in high density lipoprotein cholesterol will alter the risk of coronary heart disease events. Many large randomised trials and metaanalyses led to the identification of low density lipoprotein cholesterol as the principal target for lipid modifying interventions. 8 9 Evidence that raising high density lipoprotein cholesterol will reduce cardiovascular adverse outcomes remains controversial.
Clinical trials of the high density lipoprotein raising agent niacin have shown a reduction in coronary events, but these trials either did not measure change in high density lipoprotein cholesterol or failed to include analyses adjusted for changes in low density lipoprotein cholesterol. [10] [11] [12] [13] [14] Sub-studies of two trials using the fibrate gemfibrozil suggested that an increase in high density lipoprotein cholesterol reduces the risk of coronary heart disease. 15 16 In the Veterans Affairs High-Density Lipoprotein Cholesterol Intervention Trial (VA-HIT), a multivariable analysis adjusting for several coronary heart disease risk factors and ontreatment low density lipoprotein cholesterol and triglycerides suggested an independent association of increased high density lipoprotein cholesterol with reduction in coronary heart disease death and non-fatal myocardial infarction. However, the VA-HIT investigators also found that on-treatment lipid concentrations as variables in a multivariable model explained only a small amount of the beneficial effect of gemfibrozil. 15 New approaches to increase high density lipoprotein cholesterol by the cholesteryl ester transfer protein inhibitor torcetrapib or by infusion of reconstituted high density lipoprotein failed to show beneficial effects. [17] [18] [19] [20] As part of a systematic review of lipid trials published up to 2001, an analysis focusing on 19 statin trials failed to establish a statistically significant association between changes in high density lipoprotein cholesterol and relative risk reductions for patient important outcomes. 21 We used meta-regression techniques in an updated, more comprehensive systematic review of randomised trials to explore an independent link between changes in high density lipoprotein cholesterol, not limited to statins but covering all lipid modifying treatment, and coronary heart disease related morbidity and mortality.
METHODS

Data sources and searches
We included studies if they compared any lipid modifying agent or diet with placebo or usual care or compared a more intensive with a less intensive lipid modifying treatment; targeted reduction in cardiovascular risk; had a randomised control design; reported mortality or myocardial infarctions separately for treatment groups; and followed patients for at least six months. We excluded studies that failed to report either change from baseline or follow-up concentrations of high density lipoprotein cholesterol and low density lipoprotein cholesterol and studies for which critics have raised serious questions about the integrity of the data. 22 23 We built our search for relevant studies on the sensitive search strategies used in previous systematic reviews supplemented with relevant keywords and medical subject headings. 21 24-28 To update this evidence, MB and NB (an experienced librarian) searched Medline, Embase, and Central (all from January 2003 to October 2006) in addition to CINAHL and AMED (both from their inception to October 2006). We used Cochrane sensitive search strategies for identifying randomised trials and made no restriction as to language. The detailed search strategy is available from the authors. We reviewed reference lists of eligible articles, recently published editorials, and reviews on the topic and consulted with experts.
Study selection and quality assessment Investigators trained in research methods worked in pairs and independently reviewed potentially eligible titles and abstracts. If either reviewer believed that the study might be eligible, we obtained the full report. Two investigators then independently assessed the eligibility of each article by using a pilot tested, standardised form with written instructions. We did calibration exercises to enhance consistency among review teams before using the forms for eligibility assessment and data extraction. Any disagreement was resolved by consensus or third party arbitration (MB). We used Cohen's κ to measure agreement beyond chance between reviewers. 29 Two reviewers independently assessed the methodological quality of each eligible study by using the following criteria: concealment of allocation; blinding of patients, caregivers, or clinical outcome assessors; adherence to the intention to treat principle; stopping early for benefit; and the proportion of patients lost to follow-up. 30 Potentially relevant articles identified and screened for retrieval (n=10 532) 
Data extraction and end points
Two investigators independently extracted all relevant information on baseline characteristics of trials, patient populations, interventions, and outcomes from each eligible article by using standardised, pre-piloted data extraction forms. We recorded all available baseline and follow-up concentrations of total cholesterol, low density lipoprotein cholesterol, high density lipoprotein cholesterol, and triglycerides. In five trials that failed to report exact lipid concentrations, we abstracted data from graphs. Clinical end points were total deaths, coronary heart disease deaths, and coronary heart disease events (combined outcome of non-fatal myocardial infarction and coronary heart disease death). For coronary heart disease death, we extracted data by using the following hierarchy: coronary heart disease death, fatal myocardial infarction and sudden death, fatal myocardial infarction, fatal cardiac events, fatal cardiovascular events.
Data synthesis and analysis
We report means and standard deviations of lipid concentrations as milligrams per decilitre; we used the method of Hozo to convert data reported as median and range, 31 and we followed the recommendations of the Cochrane methods group for data reported as median and 25th and 75th centiles. 32 We calculated change in lipid concentrations for each trial as the difference between the mean change in the lipid concentration from baseline to the average follow-up concentrations in the intervention and control groups. We pooled treatment effects across studies by calculating inverse variance weighted average risk ratios and associated 95% confidence intervals for specified outcomes by using a random effects model.
We used inverse variance weighted meta-regression analysis to investigate the association between differences in the change in high density lipoprotein cholesterol and low density lipoprotein cholesterol concentrations between treatment and control groups and the risk ratios of clinical outcomes of interest. 33 34 To take into account non-lipid effects of specific drugs (such as potential pro-thrombotic effects of hormone therapy), we included a categorical variable of drug class in the meta-regression model and did a metaregression analysis stratified by drug class. We used R 2 to measure the proportion of the variability in the log risk ratio of an outcome explained by the statistical model. We analysed residuals to check model assumptions. To determine whether the potential relation between treatment induced changes in high density lipoprotein cholesterol and risk ratios for coronary heart disease events varied across drug classes, we tested for interactions between change in high density lipoprotein cholesterol and different classes of interventions by means of an F test. We found little evidence for interaction (P=0.73). That is, our analysis provided no support for the hypothesis that increase in high density lipoprotein cholesterol had a greater effect on patient important outcomes with some drugs than with others. Therefore, we omitted interaction terms to simplify the final model. Analyses with percentage change in lipid subfractions yielded similar results to analyses with absolute change (mg/dl) and are therefore not reported.
In pre-specified sensitivity analyses, we focused on a more homogeneous sample of trials that used interventions known to raise high density lipoprotein cholesterol concentrations (rather than reducing triglycerides) and therefore excluded trials using n-3 fatty acids, low fat diets, or probucol, as well as trials focusing on patients with renal failure. In addition, we excluded trials with agents that are associated with harmful effects such as torcetrapib or hormones. We did further pre-specified sensitivity analyses excluding trials with one year or less of follow-up and excluding trials with two years or less of follow-up, as lipid effects may take more than a year to fully translate into clinical effects. 35 36 In response to reviewers' comments, we added a sensitivity analysis focusing on trials with interventions specifically chosen to raise high density lipoprotein cholesterol (fibrates and niacin combinations) and another focusing on trials that reported intention to treat results. Finally, we investigated the association of treatment induced change in triglycerides concentrations with clinical outcomes by using the same approach as for high density lipoprotein cholesterol. We used SAS version 9.1 for analyses. We set the threshold for statistical significance at P<0.05.
RESULTS
Of 158 eligible randomised controlled trials, 50 did not report change or follow-up values for both high density lipoprotein cholesterol and low density lipoprotein cholesterol and were therefore excluded, leaving 108 trials for analysis (figure). Three of these 108 trials had multiple treatment arms, so we used the control group for comparison against all treatment arms. In total, 146 890 participants were included in the intervention groups and 152 420 in the control groups. The web appendix summarises the methodological quality assessment of included trials and characteristics of patient populations. On the basis of pharmacological characteristics, we classified trials according to the following classes of intervention 37 : ). Agreement between reviewers for study eligibility was very high (κ range 0.84-0.94). Table 1 summarises the baseline concentrations and changes in lipid subfractions for the different classes of intervention. The average weighted mean baseline low density lipoprotein cholesterol concentration of all included participants was 140 (SD 23; range 84-279) mg/dl (3.62 mmol/l), and the high density lipoprotein cholesterol concentration was 47 (7.4; 32-62) mg/dl (1.22 mmol/l). The weighted mean change in low density lipoprotein cholesterol was −23 (SD 19) mg/dl (−0.59 mmol/l), and the weighted mean change in high density lipoprotein cholesterol was 1.7 (3.1) mg/dl (0.04 mmol/l). Almost all classes of intervention reduced low density lipoprotein cholesterol except for n-3 fatty acids and glitazones. High density lipoprotein cholesterol was raised by most classes of intervention except for n-3 fatty acids, low-fat diets, acyl-CoA:cholesterol acyltransferase inhibitors, and probucol. In addition, high dose statin treatment (defined as 80 mg daily simvastatin or atorvastatin) slightly reduced high density lipoprotein cholesterol compared with less intensive statin treatment (weighted mean change −0.23 (SD 0.83) mg/dl), w56-w59 w61 w62 whereas statins overall raised it moderately (weighted mean change 1.6 (1.5) mg/dl).
Lipid modifying effects
Meta-regression analysis for clinical outcomes Change in low density lipoprotein cholesterol was associated with and explained a statistically significant degree of variability in the log risk ratio for coronary heart disease events, coronary heart disease death, and total death in univariable and multivariable metaregression analysis adjusted for change in high density lipoprotein cholesterol and different drug classes (table 2) . For example, the risk ratio for coronary heart disease events (death or non-fatal myocardial infarction) was reduced, on average, by 7.1% (95% confidence interval 4.5% to 9.8%; P <0.001) per We found no significant association of change in high density lipoprotein cholesterol with the log risk ratio in any model after adjustment for changes in low density lipoprotein cholesterol (see table 2 and results of analyses stratified by drug class in web table A). For example, the risk ratio for coronary heart disease events was increased, on average, by 16% (−4.2% to 36.9%; P=0.12) per 10 mg/dl increase in high density lipoprotein cholesterol according to our multivariable model in table 2. Change in high density lipoprotein cholesterol hardly explained any variability in any of the outcomes (see R 2 results in table 2 and web table A). The change in the quotient of low density lipoprotein cholesterol and high density lipoprotein cholesterol explained 32%, 12%, and 15% of the variability in log risk ratios for coronary heart disease events, total death, and coronary heart disease death, which is no more than the change in low density lipoprotein cholesterol alone explained for these outcomes (see R 2 results for univariable models with low density lipoprotein cholesterol in table 2).
Sensitivity analyses focusing on a more homogeneous sample of trials (interventions known to raise high density lipoprotein cholesterol and excluding trials using agents associated with harmful effects) revealed a significant association of change in high density lipoprotein cholesterol and the log risk ratio for coronary heart disease events in univariable analysis, with a 29% (51.7% to 6.6%; P=0.01) risk reduction for each 10 mg/dl increase in high density lipoprotein cholesterol (table 3) . This association was, however, no longer detectable in models adjusted for changes in low density lipoprotein cholesterol (bivariable or multivariable), indicating that the apparent reduction in outcomes was due to the association of changes in high density lipoprotein cholesterol with changes in low density lipoprotein cholesterol. Change in low density lipoprotein cholesterol remained significantly associated with the log risk ratio for coronary heart disease events, explaining greater variability in trials that had longer follow-up (R 2 of 0.41, 0.46, and 0.51 for trials with a follow-up of six months or more, more than one year, and more than two years). Two additional sensitivity analyses focusing on trials with interventions specifically chosen to raise high density lipoprotein cholesterol and on trials reporting intention to treat results did not show any significant association of change in high density lipoprotein cholesterol with risk of coronary heart disease events.
Similarly, we found no association between change in triglycerides and risk of coronary heart disease events whenever the model included an adjustment for the change in low density lipoprotein cholesterol (data available from the authors). Change in low density HDL=high density lipoprotein; LDL=low density lipoprotein. *I 2 associated with risk ratios for coronary heart disease events was 41.1% (95% uncertainty interval 24.5% to 54.0%) in all trials (n=95), 28.3% (3.4% to 46.8%) in trials using interventions known to raise HDL cholesterol and excluding trials using agents associated with harmful effects (n=70), and 13.3% (0% to 52.5%) in trials using interventions specifically chosen to raise HDL cholesterol (n=13). †Proportion of total variability in log risk ratio of outcome explained by model. ‡Excluding trials using n-3 fatty acids, low fat diets, probucol, torcetrapib, and hormones and trials focusing on patients with renal failure.
§Models include adjustment for drug class in addition to variables of lipid subfractions.
lipoprotein cholesterol, however, remained a significant predictor in a multivariable model adjusting for change in high density lipoprotein cholesterol, change in triglycerides, and class of intervention, with a 7.4% (4.4% to 10.4%; P <0.001) relative risk reduction for coronary heart disease events. Model residuals were normally distributed with constant variance (homoscedasticity). Including quadratic or exponential terms did not improve the fit of models. We found no evidence of collinearity.
DISCUSSION
This systematic review and meta-regression analysis of 108 randomised controlled trials using lipid modifying interventions did not show an association between treatment mediated change in high density lipoprotein cholesterol and risk ratios for coronary heart disease events, coronary heart disease deaths, or total deaths whenever change in low density lipoprotein cholesterol was taken into account. We found a statistically significant, substantial association between change in low density lipoprotein cholesterol and risk ratios for coronary heart disease events, coronary heart disease deaths, or total deaths, adjusted for other lipid subfractions and drug class. Our results indicate a 7% relative risk reduction in coronary heart disease events for every 10 mg/dl (0.26 mmol/l) reduction in low density lipoprotein cholesterol, which is equivalent to a 10% relative reduction in coronary heart disease events for every 10% decrease in low density lipoprotein cholesterol; this is consistent with the magnitude of reduction reported in current National Cholesterol Education Program guidelines. 8 
Strengths and limitations
Strengths of this study include a comprehensive scope that included a wide range of patients at risk of cardiovascular events and a wide variety of lipid modifying interventions, maximising the power of our analysis. Our extensive literature search supplemented by contacting experts in the field to retrieve all relevant eligible trials minimised the potential for publication bias, but we cannot exclude it completely. We could not include 50 otherwise eligible trials that failed to measure or did not report follow-up values or change in low density lipoprotein cholesterol or high density lipoprotein cholesterol (for details see web appendix). Unidentified trials or trials that failed to report data on high density lipoprotein cholesterol or low density lipoprotein cholesterol reduced the power of our analysis but were unlikely to bias its results.
A meta-regression such as ours relies on variability across studies in both the differences between high density lipoprotein cholesterol in treatment and control groups and variability in magnitude of effect. Thus, the analysis is powerful to the extent that it includes studies in which differences in high density lipoprotein cholesterol are modest (such as with statins) or nonexistent and studies in which differences are large (niacin). Our analysis would have been stronger if we had had access to data from additional studies in which differences in changes in high density lipoprotein cholesterol between treatment and control were large. Nevertheless, variability was sufficient that if a strong effect of high density lipoprotein cholesterol existed we would probably have detected it.
To limit the risk of data driven spurious associations and overfitting, we pre-specified a limited number of predictors for our statistical models. 38 We verified the model assumptions of linearity, normality of residuals, homoscedasticity, and absence of collinearity. In addition, our results proved robust in several prespecified sensitivity analyses and were consistent with other investigations that have examined similar data. 8 Our systematic review is far more comprehensive than previous studies on this subject. 21 Nevertheless, the relation described by a metaregression is observational-that is, although the original studies may be randomised trials, a metaregression across trials does not have the benefit of randomisation to support a causal interpretation and thus risks bias by confounding. Moreover, regression analysis typically ignores the effect of measurement errors in the independent variables. Although this may be problematic to the extent that older studies used less precise methods to determine lipid subfractions, our meta-regression involves mean values of the independent variables. The standard errors of these means are substantially smaller than the standard deviations of individual participants' values, which should mitigate the problem.
Our classification of lipid modifying interventions may be argued to combine antilipidaemic agents and diets that have important pharmacological differences or mechanisms of action 37 -for example, in trials classified under niacin treatment, niacin could be combined with a statin, a fibrate, or a resin. Different interventions that alter high density lipoprotein cholesterol may have different impacts on cardiovascular risk. Interventions may lead to different types of high density lipoprotein cholesterol with differences in function (see below); they may raise high density lipoprotein cholesterol by reduced catabolism (which may be detrimental) or increased production (more likely to be beneficial). Our adjustment of the analysis by type of intervention (drug class) deals with this problem to a considerable extent but may not fully solve it.
Finally, meta-regression relies on aggregated data from studies rather than data from individual patients -that is, the relation with patient averages across trials may not be the same as the relation for patients within trials. This is known as the ecological fallacy. 34 Therefore, ideally our results would be confirmed by an analysis of data from individual patients, with a large pooled dataset of trials testing lipid modifying interventions, such as data from the Cholesterol Treatment Trialists' Collaborators. 39 New views on high density lipoprotein cholesterol Our findings contribute to accumulating evidence that simply increasing the amount of circulating high density lipoprotein cholesterol does not necessarily confer cardiovascular benefits. 17-20 40 In the case of torcetrapib, one of the most potent high density lipoprotein raising agents to date, the failure to improve intracoronary atheroma burden in ultrasound studies and the excess mortality seen in the Investigation of Lipid Level Management to Understand its Impact in Atherosclerotic Events (ILLUMINATE) trial may be explained by a molecule specific increase in blood pressure (perhaps owing to increased concentrations of aldosterone) or unforeseen interactions between torcetrapib and atorvastatin. 17 18 20 41 42 Recent data suggest the former possibility 43 ; if so, other cholesteryl ester transfer protein inhibitors may still hold promise.
An alternative hypothesis would suggest that inhibition of the cholesteryl ester transfer protein leads to production of dysfunctional high density lipoprotein cholesterol with pro-inflammatory and atherogenic properties. 44 45 High density lipoprotein cholesterol particles vary substantially in size, density, composition, and functional properties. The varying functionality of different high density lipoprotein cholesterol subfractions most likely affects their relation to atherosclerosis. [46] [47] [48] Lipid modifying agents and diets may affect the functionality of high density lipoprotein cholesterol. For example, recent data suggest that a low fat, high fibre diet, in combination with exercise, converts high density lipoprotein cholesterol from a pro-inflammatory to an anti-inflammatory state. 49 Available measures of the function of high density lipoprotein cholesterol include indices of inflammation, oxidation, monocyte chemotaxis, nitric oxide production, endothelial function, and thrombosis, as well as tests assessing the reverse cholesterol transport effects of treatments. 50 However, further development is necessary to satisfy the urgent need for a reliable and easily applicable assay of high density lipoprotein cholesterol function.
Implications for clinical practice and future research
The lack of association between treatment induced change in high density lipoprotein cholesterol and the risk of coronary heart disease events, coronary heart disease deaths, or total deaths raises questions about the rationale for development of therapeutic agents that increase high density lipoprotein cholesterol. Raising high density lipoprotein cholesterol without considering effects on high density lipoprotein function seem to have little promise for the prevention of cardiovascular events. Future research should prospectively consider the results of assays to measure high density lipoprotein function and then provide definitive evidence of pharmacological effects on patient important outcomes in long term randomised trials. 50 Results from this study corroborate recommendations from current clinical guidelines (Adult Treatment Panel III, American Heart Association/National Heart, Lung and Blood Institute, and American Diabetes Association) that emphasise targeting primarily low density lipoprotein cholesterol in the prevention of cardiovascular morbidity and mortality. 8 51 52 Recent updates of the National Cholesterol Education Program guidelines confirmed low levels of high density lipoprotein cholesterol (<40 mg/ dl) as a major cardiovascular risk factor. Although the guidelines recommend that clinicians should consider combining a low density lipoprotein cholesterol lowering drug with a fibrate or niacin in patients with low high density lipoprotein cholesterol, they refrained from making recommendations about specific targets for raising high density lipoprotein cholesterol concentrations.
